The evolution of diverse life history strategies has allowed Arabidopsis thaliana to adapt to worldwide locations, spanning a range of latitudinal and environmental conditions. Arabidopsis thaliana accessions are either vernalizationrequiring winter annuals or rapid cyclers, with extensive natural variation in vernalization requirement and response. Genetic and molecular analysis of this variation has enhanced our understanding of the mechanisms involved in life history determination, with translation to both natural and crop systems in the Brassicaceae and beyond.
Introduction
The timing of the transition from vegetative to reproductive development is tightly regulated in both natural plant populations and crop species. This synchronizes flowering in outcrossing populations with pollinator availability, aligns sensitive development stages with optimal environmental conditions to maximize reproductive success, and provides an 'escape' mechanism from a variety of abiotic stresses. To time this transition, plants integrate a wide range of developmental and environmental cues (Simpson and Dean, 2002; Andrés and Coupland, 2012; Hepworth and Dean, 2015; Kazan and Lyons, 2016) . Most of our understanding of how these cues regulate the transition has come from research using the reference plant Arabidopsis thaliana. Arabidopsis thaliana accessions have different life history strategies-vernalization-requiring winter annuals or rapid cycling-and these distinct flowering strategies are considered to have enabled adaptation to a diverse range of worldwide habitats. Ambient temperature, photoperiod, nutrients, and assimilates also have a significant effect on the timing of Arabidopsis flowering (Boss et al., 2004) .
In this review, we discuss how natural variation in life history strategies has contributed to understanding the molecular mechanisms controlling the timing of flowering. The extensive collections of natural A. thaliana accessions have provided a rich starting point for genetic and molecular analyses (AlonsoBlanco et al., 2009) . Development of genetic resources within the wider Brassicaceae, including evolutionary model systems such as Capsella and Arabis, and the economically important crop genus, Brassica, is now enabling this mechanistic understanding to be translated broadly. Understanding variation in flowering time is of ever-increasing importance in the face of rapidly changing patterns of temperature and rainfall variation, with implications for the adaptation and management of plants in both natural and agricultural settings.
There is extensive natural variation in flowering time
In comparison with other species within the genus, the A. thaliana habitat spans a large geographic range (Hoffmann, 2005) . Arabidopsis accessions from the extremes of the latitudinal range have been shown, by reciprocal transplant experiments over multiple seasons, to be locally adapted (Agren and Schemske, 2012) , and flowering time quantitative trait loci (QTLs) co-localize with those observed for fitness (Dittmar et al., 2014) . Variation in requirement and response to vernalization have been major factors in enabling this wide adaptation, with vernalization requirement allowing plants to ignore the long days of early autumn and only respond to the lengthening days of early spring. As well as ensuring overwintering, a vernalization requirement has been proposed to influence water usage efficiency (Lovell et al., 2013) and maximize vegetative growth before flowering in mild winter climates (Weinig et al., 2003) . In contrast, a rapid-cycling habit facilitates drought avoidance (Vidigal et al., 2016; Marcer et al., 2017) and permits multiple generations each year in temperate, wet climates (Satake, 2010; Agren and Schemske, 2012; Lovell et al., 2013) .
Variation in vernalization response-the amount of cold required to accelerate flowering fully (Shindo et al., 2006; Coustham et al., 2012; Li et al., 2014) -has been suggested to follow a latitudinal cline, but is likely to reflect adaptation to broader climatic variables (Stinchcombe et al., 2004; Shindo et al., 2005) . For example, high altitude accessions in the Iberian peninsula require long vernalization as an adaptation to temperature and rainfall conditions (Méndez-Vigo et al., 2011) ; and Swiss accessions from lower altitudes show greater sensitivity to vernalization than those from higher altitudes (Suter et al., 2014) . Microhabitat and year-to-year climatic fluctuations are therefore likely to provide strong selection pressure to maintain variation in flowering time within Arabidopsis populations (Weinig et al., 2003; Shindo et al., 2005) .
Arabidopsis appears to vernalize over a relatively wide temperature range, between 0 and 16 °C (Wollenberg and Amasino, 2012; Duncan et al., 2015) , but specific vernalization temperature optima are likely to contribute to adaptation. For example, in the Northern Swedish accession Lov-1, an optimum of 8 °C allows plants to vernalize fully in the autumn (Duncan et al., 2015) . Plants in this location flower within days of snow melt in spring, maximizing the relatively short growing season at this latitude.
Two key loci define the vernalization requirement
In A. thaliana, mutations at many genes influence flowering, but most natural variation maps to two loci: FRIGIDA (FRI) (Napp-Zinn, 1957; Lee et al., 1993; Clarke and Dean, 1994) and FLOWERING LOCUS C (FLC) (Koornneef et al., 1994) . FRI up-regulates FLC, which represses flowering via direct binding to many floral integrator loci including FLOWERING LOCUS T (FT) and SUPPRESSOR OF OVEREXPRESSION OF CONSTANS1 (SOC1) (Helliwell et al., 2006; Searle et al., 2006) . FLC functions in complex with the related MADS repressor SHORT VEGETATIVE PHASE (SVP) . Other MADS box genes in the FLC clade, MADS AFFECTING FLOWERING2-5 (MAF2-5) and FLOWERING LOCUS M (FLM), also repress flowering, but their repressive functions are not redundant (Gu et al., 2013) .
Together, FRI and FLC account for up to 70% of the natural variation in flowering time in natural accessions (Lempe et al., 2005; Shindo et al., 2005) . When FLM and MAF2-5 are included, 85% of the variation is explained (Salome et al., 2011) . Rapid cycling accessions typically carry null alleles at FRI, FLC, or both loci (Johanson et al., 2000; Schlappi, 2001; Le Corre et al., 2002; Michaels et al., 2003) , and both FRI and FLC have been shown to be under selection (Le Corre et al., 2002; Toomajian et al., 2006; Horton et al., 2012; Lovell et al., 2013; Méndez-Vigo et al., 2013) . Highlighting the importance of epistatic interaction between FRI and FLC, the two loci appear to be in linkage disequilibrium despite being found on separate chromosomes (Méndez-Vigo et al., 2011) .
As well as being a determinant of vernalization requirement, FLC is also a major-effect QTL underlying the duration of cold required for vernalization (Shindo et al., 2006; Méndez-Vigo et al., 2011; Salome et al., 2011; Strange et al., 2011; Dittmar et al., 2014; Li et al., 2014) and is a key determinant of genotype by environment (G×E)-dependent flowering time under different temperature regimes (Sasaki et al., 2015) . Variation in the quantitative vernalization response is largely explained by non-coding variation at FLC (Li et al., 2014) , providing one of the best-characterized examples of cis-regulatory variation underlying an adaptive trait. In two surveys of 47 and 85 accessions, no variation was found in FLC protein-coding sequence, and most variation occurred in the first intron (Méndez-Vigo et al., 2011; Li et al., 2014) . This is in striking contrast to natural variation in flowering mediated by FRI, which occurs primarily via loss-of-function mutations in protein-coding regions. FLC alleles globally fall into 20 haplotype groups (Horton et al., 2012) , with most accessions found within one of six major haplotypes. Across these six, two haplogroups are rapid vernalizers, where FLC silencing requires only 4 weeks of cold, while another four are slow vernalizers needing much a longer duration of cold in order to silence FLC stably (Li et al., 2014) . This allelic heterogeneity has made FLC difficult to detect in association mapping analyses, as different haplotypes [and non-overlapping single nucleotide polymorphisms (SNPs)] conferring similar phenotypes reduce the statistical power to detect genotype-phenotype interactions (Atwell et al., 2010; Brachi et al., 2010; Sasaki et al., 2015) .
Epigenetic switching between high and low FLC expression states during the Arabidopsis life cycle
The identification of FRI and FLC as key regulators of flowering time has stimulated considerable research to understand their molecular action. In vernalization-requiring accessions, the level of FLC expression is high and set through antagonistic activities of FRI activating FLC expression, balanced by the autonomous pathway repressing FLC expression. Cold exposure during vegetative development then epigenetically silences FLC expression in a digital switch-like manner at each locus. This silencing remains stable through spring and summer, enabling the promotive effects of photoperiod to induce flowering. As seed form within the silique, FLC expression is then reset to a high expression level; whether this is gradually at all loci or another switch-like property has yet to be determined. Molecular analyses have therefore focused on what controls the FLC transcriptional level and how cold epigenetically silences FLC.
Promoting the high FLC expression state
The major factor establishing high FLC expression in the developing embryo is FRI, a coiled-coil domain protein that recruits transcriptional activators and chromatin modifiers. FRI interacts directly with components of the 5' capping complex, increasing the proportion of FLC transcripts with a 5' cap (Geraldo et al., 2009 ). It has also been shown to form a complex (FRI-C) with the transcriptional activators FLC EXPRESSOR (FLX) and FRIGIDA ESSENTIAL1 (FES1) and the zinc-finger DNA-binding protein SUPPRESSOR OF FRI4 (SUF4) (Kim et al., 2006; Choi et al., 2011) . In addition, FRI sets an active chromatin state via recruitment of chromatin remodellers to FLC: the SWR complex, which facilitates incorporation of the H2A.Z variant (Choi et al., 2011) ; and the histone methyltransferases ATX1 and EARLY FLOWERING IN SHORT DAYS (EFS) (Jiang et al., 2009; Choi et al., 2011) , specific for chromatin modifications H3K4me3 and H3K36me3. The H3K27 demethylase EARLY FLOWERING 6 (ELF6) is also required for high expression of FLC throughout development. A hypomorphic allele of ELF6 was identified in a mutagenesis screen to identify factors required to reset FLC expression in the seed after vernalization (Crevillén et al., 2014) . The one changed amino acid in the resetting-defective allele is thought to alter an interaction important for ELF6 function at that particular stage of reproductive development.
Promoting the low FLC expression state
Balancing these promotive factors, the autonomous pathway represses FLC expression through the action of a suite of chromatin remodellers, RNA processing factors, and FLC antisense RNA transcripts (Hepworth and Dean, 2015) . The RNA processing functions regulate splicing and polyadenylation of the FLC antisense transcripts that originate from a promoter on the opposite strand close to the poly(A) site of the FLC sense transcript. There are three major classes of the antisense transcripts, collectively known as COOLAIR: unspliced; proximally polyadenylated (within the sixth exon of FLC); and distally polyadenylated (upstream of the FLC start site) (Swiezewski et al., 2009) . The current thinking is that all three classes feed into regulating FLC expression through different mechanisms. The proximally polyadenylated forms strongly repress FLC transcription, requiring the RNA recognition motif proteins FCA and FPA (Hornyik et al., 2010) , the cleavage and polyadenylation factors FY, CstF64, and CstF77 (Liu et al., 2010) , the spliceosome component PRP8 (Marquardt et al., 2014) , and the transcription elongation factor CDKC2 (Wang et al., 2014) . The mechanism involves demethylation of H3K4me2 at the FLC locus by the histone demethylase FLD (Liu et al., 2007 (Liu et al., , 2010 and co-ordinate reduction of the FLC transcriptional initiation and elongation rate (Wu et al., 2016) . The slower elongation promotes use of the COOLAIR proximal polyadenylation sites, thus providing a feedback mechanism to maintain the low expression state (Wu et al., 2016) . These COOLAIR-mediated functions integrate with activities such as HISTONE DEACETYLASE6 (HDA6) (Ausín et al., 2004; Gu et al., 2011) and Polycomb Repressive Complex (PRC2) (Pazhouhandeh et al., 2011) to determine the quantitative transcription of FLC in warm conditions.
A role for the distally processed COOLAIR (likely also to repress FLC) is supported by the evolutionary conservation of intricate secondary structures which COOLAIR proximal and distal transcripts form in vitro (Hawkes et al., 2016) . In other systems, RNA secondary structure has been implicated in regulatory protein recruitment (Xue et al., 2016) . The unspliced COOLAIR transcript, recently visualized using single molecule fluorescence in situ hybridization analysis, is expressed in a mutually exclusive manner with the sense FLC transcript (Rosa et al., 2016) . How this occurs is not yet clear, but it provides a mechanism to promote FLC transcriptional repression in response to changes in temperature.
Cold-induced switching from a high to a silenced FLC expression state
Vernalization involves the epigenetic switching of FLC from a high to a silenced expression state by prolonged cold exposure. The silencing of FLC is quantitative; that is, the longer the winter cold exposure, the lower the expression of FLC in the subsequent spring. Quantitative regulation does not reflect a gradual reduction of expression at each locus, but a cell-autonomous, bi-stable ('ON/OFF') epigenetic switch (Angel et al., 2011; Berry et al., 2015) (Fig. 1) . Whole-plant quantitative changes reflect the proportion of cells switched to the 'OFF' state during the cold. This proportion is presumed then to be averaged by the plant via the action of mobile floral pathway integrator gene products such as the floral activator FT, which moves to the meristem to instruct the floral transition. Switching occurs at each FLC locus with a low probability, ensuring that plants need weeks and months of cold before they are fully vernalized. Such digital registration of cold provides an effective means of monitoring and remembering fluctuating temperatures (Angel et al., 2015) . The sequence of events during vernalization-mediated epigenetic silencing of FLC entails: the reduction of transcription at the locus; the switch from ON to OFF chromatin modifications at the first intron of FLC (the nucleation region) during the cold; and the subsequent spread of the OFF mark to cover the gene body and stably silence the locus on return to the warm.
Early cold-induced FLC transcriptional silencing is linked to up-regulated expression of COOLAIR antisense transcripts (Swiezewski et al., 2009) . COOLAIR transcription increases in the first days of cold, peaking after 2-3 weeks and then decreasing (Swiezewski et al., 2009) , as the locus switches to an epigenetically silenced state. Antisense transcripts accumulate in 'clouds' around each FLC locus after 1-2 weeks of cold exposure, so it is possible that it is the act of transcription and/or a high concentration of unspliced COOLAIR transcripts that contribute to FLC transcriptional down-regulation (Rosa et al., 2016) . While not absolutely required for vernalization (Helliwell et al., 2011) , in COOLAIR knockdown lines FLC silencing occurs more slowly and the reduction of ON chromatin marks from the nucleation region is impaired (Csorba et al., 2014) .
Linking FLC transcriptional shutdown with the epigenetic switching mechanism is VAL1, which binds in a sequencespecific manner to the nucleation region of FLC (Qüesta et al., 2016; Yuan et al., 2016) . VAL1 interacts with histone deacetylase HDA19 and the apoptosis-and splicing-associated protein (ASAP) complex to induce removal of the histone H3 acetylation mark from actively expressed genes, concomitant with silencing of FLC transcription (Qüesta et al., 2016) . Consequently, val1 mutants reduce FLC transcription much more slowly in the cold and are late flowering. VAL1 directly and indirectly facilitates recruitment of chromatin modifiers to the locus: through direct interaction with the PRC1/2 component LIKE HETEROCHROMATIN PROTEIN1 (LHP1) (Yuan et al., 2016) ; and via HDA19 and ASAP association (Qüesta et al., 2016) with the plant homeodomain (PHD) proteins VERNALIZATION5 (VRN5) and VERNALIZATION-INSENSITIVE3 (VIN3), which themselves interact with and enhance activity of a vernalization-specific PRC2 Sung and Amasino, 2004; Greb et al., 2007; De Lucia et al., 2008) .
Stable epigenetic silencing at FLC is reflected in changes to chromatin modifications at the locus. Prior to cold exposure, high levels of the chromatin modification H3K36me3 mark the ON state. During cold exposure, H3K36me3 is replaced by H3K27me3, the chromatin modification marking the OFF state (Yang et al., 2014) . H3K36me3 and H3K27me3 are opposing chromatin states-functionally antagonistic and mutually exclusive-and the proteins that catalyse H3K36me3 deposition and H3K27me3 removal in the warm have been shown to interact physically . Mutants defective in vernalization have identified the central role of PRC2 in this silencing mechanism (Gendall et al., 2001) . First characterized in Drosophila and conserved across higher eukaryotes, the core PRC2 complex comprises the histone methyltransferase E(z) and associated proteins Su(z)12, ESC, and MSI1. Together, these proteins are key regulators of development, depositing silencing H3K27me3 marks at target loci (Schwartz and Pirrotta, 2013) . In Arabidopsis, the PRC2 components are encoded by several partially redundant homologues that act in target-specific complexes. At FLC, the histone methyltransferases CURLYLEAF (CLF) and SWINGER (SWN) associate with MULTICOPY SUPPRESSOR OF IRA1 (MSI1), the ESC homologue FERTILIZATION INDEPENDENT ENDOSPERM (FIE), and the vernalization-specific Su(z)12 homologue VERNALIZATION2 (VRN2).
Mutations in either PRC2 components or the PHD proteins VRN5 and VIN3 prevent cold-induced H3K27me3 accumulation in the nucleation region and subsequent spreading across the locus Sung and Amasino, 2004; Greb et al., 2007; De Lucia et al., 2008) . However, VIN3 is the only member of this group to be specifically expressed during cold (Sung and Amasino, 2004) , first accumulating to detectable levels at approximately the same time as COOLAIR expression begins to decrease. An additional long non-coding RNA, COLDAIR, which is transcribed from the first intron of sense FLC in the cold, has been suggested to recruit PHD-PRC2 to the FLC locus (Heo and Sung, 2011) . However, PRC2 binding to RNAs appears to be relatively promiscuous, perhaps acting to 'sample' actively transcribed loci (Davidovich et al., 2013) . As such, the precise role of COLDAIR remains unclear, and its expression has not been detected in other, closely related species (Castaings et al., 2014) . On return to the warm, the Polycomb complexes depositing H3K27me3 spread across the gene body, stably silencing the locus through the many cell divisions that occur as the plants flower. The spreading mechanism is unclear, but appears to depend on DNA replication (Finnegan and Dennis, 2007) . DNA polymerase α is required for stable silencing of FLC (Hyun et al., 2013) , and it has recently been demonstrated that DNA polymerase ε can facilitate the recruitment of PRC2 components to loci targeted for silencing (Del Olmo et al., 2016) . In addition, LHP1 is required for ongoing maintenance of FLC silencing, with reactivation observed in lhp1 mutants (Mylne et al., 2006; Sung et al., 2006) . Physical changes to the structure and nuclear location of the FLC locus also appear to play roles in the silencing process. Before vernalization, FLC forms a gene loop bringing the 5'-and 3'-flanking ends of the locus into contact; this loop is broken during cold exposure (Crevillén et al., 2013) . Recently, a second loop has been found to occur between the FLC proximal promoter and the 3' end of intron 1, spanning the nucleation region. Formation of this gene loop is enhanced by vernalization and appears to depend on the PHD-PRC2 complex and non-coding RNAs (Kim and Sung, 2017) . In addition, live cell imaging experiments have demonstrated that FLC alleles cluster in close proximity within the nucleus both during and after cold exposure, in a PRC2-but not LHP1-dependent manner (Rosa et al., 2013) . Together, these results suggest an important role for three-dimensional genome organization in regulating the silencing of FLC during the cold.
Complexity of inputs determining the flowering response
Flowering time is strongly dependent on G×E interactions (Lempe et al., 2005; Méndez-Vigo et al., 2013; Sasaki et al., 2015) . In particular, both the location and the timing of germination have large effects on the conditions experienced during vegetative development, and accessions that can adopt a rapid cycling habit behave as winter annuals after late germination under field conditions (Wilczek et al., 2009) . Such plasticity in the field is perhaps unsurprising: while the vernalization requirement acts as a master 'handbrake' determining competence to flower, the reproductive transition can be further tuned by diverse endogenous and exogenous cues, including juvenility, photoperiod, ambient temperature, and stress, to allow an appropriate response to variable environmental conditions (Fig. 2) . Our understanding of these additional pathways has arisen primarily from mutagenesis of rapid-cycling accessions, identifying numerous genes influencing flowering and highlighting the complexity of inputs determining the transition to reproductive development. Interestingly, relatively few of the many genes identified in these screens have subsequently been characterized as determinants of natural variation in flowering time.
Pathways to flowering are ultimately integrated through regulation of floral pathway integrator loci. The floral activator FT (Kardailsky et al., 1999) and its homologue TWIN SISTER OF FT (TSF) (Yamaguchi et al., 2005) are expressed in the phloem companion cells in response to inductive long days. These mobile signalling peptides move via the phloem to the shoot apical meristem, complexing with the b-ZIP transcription factor FD to target genes that instruct the floral Fig. 2 . Natural variation in environmentally responsive pathways determines flowering time. The timing of the reproductive transition in Arabidopsis is determined by both endogenous cues and environmental signals, such as temperature and light, which integrate through induction of floral pathway integrator genes, such as FT. In nature, FRI-mediated high FLC expression represses flowering, and this needs to be silenced by vernalization before light and ambient temperature pathways can act to promote the floral transition. In rapid-cycling accessions, which lack FRI or FLC, the vernalization requirement is bypassed. Genes for which natural variation has been demonstrated to affect flowering time are shown in italics, and the environmental signaling pathways they act within are indicated in bold.
transition Wigge et al., 2005; Searle et al., 2006) . The integration of distinct flowering inputs is also regulated in a parallel, FT-independent manner, with flowering pathways converging directly at the shoot apical meristem (SAM) to regulate SOC1 (Searle et al., 2006; Hyun et al., 2016) The transition to flowering is repressed during the juvenile phase of development. TEMPRANILLO (TEM) transcriptional repressors prevent flowering in inductive long days during early development (Castillejo and Pelaz, 2008) . Juvenile seedlings also express high levels of miRNA156, a miRNA that represses SQUAMOSA PROMOTER BINDING PROTEIN-LIKE (SPL) genes (Wu and Poethig, 2006) . As plants age, miRNA156 levels decrease, allowing SPLs to activate downstream targets that promote flowering. Concurrently, the expression of miR172 increases, repressing negative regulators of flowering (Aukerman and Sakai, 2003) . In Arabidopsis, the miRNA156/SPL pathway appears to act in concert with gibberellins in part as an 'over-ride' mechanism, promoting flowering via direct regulation of genes in the SAM in the absence of an inductive photoperiod signal Hyun et al., 2016) . Plants also regulate flowering competence in response to carbohydrate status, using trehalose-6-phosphate (T6P) as an inductive signal in both vegetative tissues and the apical meristem. T6P is required for long day induction of FT, integrating carbohydrate availability and inductive environmental conditions (Wahl et al., 2013) .
Long day photoperiods are a major environmental factor promoting flowering. Photoperiodic regulation of flowering is mediated through transcriptional and post-translational regulation of the flowering activator CONSTANS (CO) (Suárez-López et al., 2001) , which directly binds and activates FT. In long days, light-mediated interaction between the plant-specific protein GIGANTEA (GI) and the chromophore-containing ubiquitin ligase FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1), which are induced by the circadian clock, results in de-repression of CO expression (Sawa et al., 2007; Song et al., 2012) . Long days also mediate stabilization of the CO protein. The CONSTITUTIVE PHOTOMORPHOGENIC1-SUPPRESSOR OF PHYTOCHROME A (COP1-SPA1) ubiquitin ligase complex, which normally degrades CO protein in the dark (Jang et al., 2008) , is itself inactivated by light via interaction with the light quality sensors CRYPTOCHROME2 (CRY2) (Zuo et al., 2011) and PHYTOCHROME A and B (PHYA and PHYB) (Sheerin et al., 2015) . In long days, COP1:SPA1 is not able to turn over CO, allowing CO to activate FT.
Ambient temperature signals also regulate the timing of the reproductive transition, with higher temperatures accelerating (Balasubramanian et al., 2006b ) and lower temperatures delaying flowering. The FLC-clade MADS repressors SVP (Lee et al., 2007) and FLM (Balasubramanian et al., 2006b) are integral to this response, forming a repressive complex at the FT promoter at lower ambient temperatures. FLM functionality may be regulated in part through complex temperature-dependent alternative splicing: as temperatures increase, so does the abundance of a non-functional protein variant, FLM-δ, which binds to SVP in competition with its functional variant, FLM-β (Posé et al., 2013) . In addition, FLM transcripts can be degraded via a nonsense-mediated mRNA decay mechanism at higher temperatures (Sureshkumar et al., 2016) . Further, SVP is itself less stable as ambient temperature increases (Lee et al., 2013) . Accelerated flowering at high ambient temperatures is also facilitated in short days by the basic helix-loop-helix (bHLH) transcriptional activator PHYTOCHROME INTERACTING FACTOR4 (PIF4) (Kumar et al., 2012) . Both PIF4 expression and binding of PIF4 near the transcription start site of FT are increased at high temperatures, with PIF4 binding dependent on reduced levels of histone H2A.Z at the FT promoter at higher temperatures (Kumar et al., 2012) . PIF4 activity is itself regulated by DELLA repressors, providing an additional mechanism by which gibberellins may promote flowering (de Lucas et al., 2008; Feng et al., 2008) .
Finally, Arabidopsis alters its flowering under a variety of different stress conditions. Drought escape represents one such stress, with flowering enabling escape from conditions that threaten plant survival. Under long day conditions, drought increases expression of FT and TSF via a GI-and abscisic acid (ABA)-dependent mechanism (Riboni et al., 2013 (Riboni et al., , 2016 . Salt stress, in contrast, has been demonstrated to delay flowering time via regulation of FT transcription and protein functionality (Kim et al., 2007; Li et al., 2007; Ryu et al., 2011) . Similarly, short-term cold stress (as opposed to long-term vernalizing cold) delays flowering in Arabidopsis. Intriguingly, FLC may play a role in this response, with expression increased by short cold exposure (Jung et al., 2013) . In addition, nutrient stress, herbivory or pathogen attack, and even soil microflora have been implicated in flowering time responses (Kazan and Lyons, 2016) .
Remarkably few of the many genes identified via mutagenesis, and described above, have been shown to underpin significant differences in flowering in natural accessions. As well as FRI and FLC, QTL mapping and genome-wide association study (GWAS) approaches have identified a number of smalleffect loci influencing the vernalization response. Candidate genes for these loci include both activators of FLC expression and regulators of epigenetic silencing: the RNA processing factor HUA2 (Strange et al., 2011; Sánchez-Bermejo et al., 2012) , which up-regulates both FLC and FLM (Doyle et al., 2005) ; the PHD proteins VRN5 and VIN3 (Ehrenreich et al., 2009; Dittmar et al., 2014) ; and the PRC1/2 component LHP1 (Ehrenreich et al., 2009; Strange et al., 2011) . QTLs at MAF2-5 and FLM have also been mapped frequently (elLithy et al., 2004 (elLithy et al., , 2006 Simon et al., 2008; Salome et al., 2011; Strange et al., 2011; Sánchez-Bermejo et al., 2012) .
Natural variation in CO, CRY2, and PHYB associate with variation in flowering time (El-Din El-Assal et al., 2001; Balasubramanian et al., 2006a; Rosas et al., 2014) , while natural variation in FLM plays a role in regulating flowering responses to ambient temperatures in the range experienced in spring (Lutz et al., 2015 (Lutz et al., , 2017 . In field-based experiments where plants experience a winter before flowering, a significant fraction of flowering time variation maps to loci underlying the photoperiod response, specifically genes involved in regulation of the circadian clock (Brachi et al., 2010) , and to the floral integrators FT (Schwartz et al., 2009; Strange et al., 2011) and TSF (Brachi et al., 2010) .
Overall, therefore, the pathways in which natural variants have so far been identified are those responsive to environmental cues (Fig. 2) . This may reflect deleterious pleiotropic effects of variation in general developmental programmes such as the juvenile-to-adult transition, and conservation of regulators with general regulatory roles across the genome, such as the autonomous pathway components. It further implies strong adaptive value to variation in temperature-and light-responsive pathways in expanding the species' range.
Natural variants refine our understanding of the epigenetic switching mechanism underlying vernalization
The finding that most of the natural variation in vernalization response maps to cis polymorphism at FLC probably reflects the genome-wide functioning of the trans-factors important in vernalization. Non-coding cis polymorphism classifies FLC in the worldwide set of accessions into a small number of functionally distinct haplotypes (Li et al., 2014) . To date, the causative polymorphism affecting FLC regulation has been well characterized in several alleles ( Fig. 3 ; Table 1 ), emphasizing in particular the importance of variation in the first intron of FLC. Analyses of natural alleles have yielded further insights and stimulated new questions about the mechanistic basis of vernalization-mediated epigenetic silencing.
The FLC haplotype that dominates Northern Sweden Arabidopsis populations is also carried in the Southern Swedish accession Var2-6, which requires 12 weeks to vernalize fully under lab conditions (Shindo et al., 2006) . Var2-6 has an elevated level of FLC expression compared with other accessions before cold, a phenotype caused by a single SNP in the first intron of FLC. This SNP alters splicing of the distally polyadenylated COOLAIR transcript, with consequences for 5' capping, but not splicing of the FLC sense transcript (Li et al., 2015) . Alternative splicing of the Var2-6 distal transcript alters a conserved region of its RNA secondary structure, with similarity to COOLAIR structure in Brassica rapa (Hawkes et al., 2016) . In an intriguing parallel to Var2-6, the Iberian Peninsula accession Ll-0 shows an opposite, vernalization-hypersensitive phenotype, which has been mapped to a 50 bp deletion of the FLC 5'-untranslated region (UTR) using recombinant inbred lines (RILs) and near isogenic lines (NILs). The deletion does not influence pre-vernalization levels of FLC expression, but enhances the response to vernalization, possibly via FRI-mediated 5' capping (Sánchez-Bermejo et al., 2012) . Alternatively, the secondary structure of the distal COOLAIR transcript may be affected (Hawkes et al., 2016) , indirectly influencing FLC transcription and 5' capping in an opposite manner to that found for Var2-6 (Li et al., 2015) .
A second characterized FLC haplotype is contained in a Swedish accession from the far north of the native range, Lövvik-1 (Lov-1). This requires similarly long periods of cold to Var2-6 in order to vernalize fully, but the underlying molecular mechanism is distinct (Coustham et al., 2012) . In Lov-1, a 4-week cold exposure decreases FLC expression significantly, but silencing is not stable and FLC expression reactivates 10-15 d after return to the warm, preventing FT accumulation and flowering. A vernalization treatment of 9 weeks is required to epigenetically silence FLC fully in Lov-1. Transgenic lines indicate that this longer cold exposure for epigenetic silencing is mediated by a combination of just four SNPs, localized to the nucleation region (Coustham et al., 2012) . Use of NILs in the field confirms that this phenotype is predominantly due to cis-regulatory variation at FLC (Duncan et al., 2015) . To date, however, the specific role of these SNPs in facilitating nucleation is not clear, so Lov-1 remains an interesting target for refining our understanding of the vernalization mechanism, specifically regarding the maintenance of epigenetic memory at the locus.
A third distinct haplotype is represented by Arabidopsis accessions from the USA: RRS-10 and Kno-18 have a Mutator-like transposable element (MULE) near the 5' end Fig. 3 . Natural variation in FRI and FLC determines reproductive timing in Arabidopsis. Functional alleles at both FRI and FLC establish high FLC expression during vegetative development, setting a requirement for vernalization and spring flowering in overwintering accessions. Rapidcycling accessions lack functional alleles at FRI or FLC, and so can germinate and flower within a single summer. In overwintering accessions, the variation in duration and optimum vernalization temperature is determined in large part by cis-regulatory variation at FLC. The FLC/COOLAIR locus and FLC expression pattern in a 4 week vernalization treatment are shown for five well-characterized accessions with functional FRI alleles: the vernalizing reference accession ColFRI is depicted in black, with the position of the B3 domains indicated by black asterisks and the nucleation region shown by the underlying red line. In the slow vernalizing accession Var2-6 (red), a single SNP alters splicing of the COOLAIR distal transcript, resulting in elevated FLC expression before and during cold. In Lov-1 (purple), a combination of four SNPs, prevents stable silencing of FLC after the cold. LerFRI (blue) and RRS-10 (green) have relatively weak FLC expression as a result of independent transposon insertions in the first intron; the non-responsive phenotype of RRS-10 presumably results from insertion between the B3 binding domains. SNP positions are indicated by asterisks while transposon positions are shown as rectangles above the insertion point.
of intron 1 (Strange et al., 2011) , positioned between the B3 domains targeted by VAL1. MULEs have inserted within the first intron of FLC independently multiple times, driving rapid cycling and vernalization non-responsiveness (Quadrana et al., 2016) . In Ler and several related accessions, for example, a related MULE is positioned at the 3' end of the first intron (Gazzani et al., 2003; Michaels et al., 2003) . The RRS-10 and Ler alleles show interesting differences in FLC expression and vernalization response, probably reflecting their distinct insertion sites. Both alleles are associated with weak FLC expression prior to vernalization, and in Ler this has been demonstrated to arise from siRNA-mediated silencing of and H3K9me2 accumulation at the MULE (Liu et al., 2004) . In Ler, FLC expression is still up-regulated by FRI or autonomous pathway mutants, and subsequently silences normally in response to vernalization. In contrast, the FLC allele in RRS-10 is largely vernalization insensitive (Strange et al., 2011) ; presumably, insertion between the B3 domains disrupts VAL1 binding during the cold, resulting in extremely slow silencing of the locus. Similarly, the accession Da(1)-12 has a COPPIA-type transposon insertion of some 4.2 kb in intron 1, and probably reduces FLC expression by a similar mechanism to the repressive heterochromatin-based silencing that has been reported for Ler (Michaels et al., 2003) .
Vernalization in Arabidopsis: a framework for understanding cold-dependent flowering in the Brassicaceae and beyond Species in the wider Brassicaceae show the full range of life history strategies: summer and winter annuals as well as perenniality. Many of the lessons gleaned from Arabidopsis translate directly into these species: Arabidopsis lyrata, A. halleri, A. arenosa, Arabis and Capsella species have all been shown to require and regulate a vernalization response via variation at orthologues of FLC (Slotte et al., 2009; Aikawa et al., 2010; Albani et al., 2012; Kemi et al., 2013; Baduel et al., 2016; Kiefer et al., 2017) . Conservation of COOLAIR expression in FLC orthologues in the Brassicaceae (Castaings et al., 2014; Hawkes et al., 2016) , conservation of the B3 recognition motif required for VAL1 binding, cold induction of a VIN3 orthologue in A. alpina, and of chromatin silencing mark deposition in A. halleri and Arabis alpina (R. Nishio et al., 2016) suggest broad conservation of the regulatory mechanism described in A. thaliana, across ~35 million years of evolution (Huang et al., 2016) . Further, strong conservation of RNA secondary structure, but not sequence, is observed for the distal isoform of COOLAIR, providing a strong argument for its functionality in FLC regulation (Hawkes et al., 2016) .
A significant step forward in our understanding of the molecular basis of perenniality came from the study of A. alpina (R. . This revealed that a key distinction in perennial species in the Brassicaceae is the lack of stable epigenetic silencing of the FLC orthologues (named PEP1 in A. alpina) (R. Aikawa et al., 2010) . AtFLC and AaPEP1 both silence expression in the cold, but AaPEP1 re-activates upon return to warm, enabling some meristems to remain vegetative. This is likely to reflect cis polymorphism in the different FLC copies, as in interspecies hybrids and introgression lines between A. alpina and its annual sister species A. montbretiana expression of the copies reflects that observed in the parents (Kiefer et al., 2017) . It would therefore appear that independent cis-regulatory polymorphism in FLC orthologues has been a major driver not only in the variation in annual A. thaliana (Li et al., 2014) , but also in evolution of the annual from a perennial habit. A parallel study of the perennial A. halleri, monitoring FLC expression levels and flowering in a 2 year census in field conditions, showed that fluctuating temperatures in the field appear to be integrated over a 6 week period (Aikawa et al., 2010) . Lack of stable epigenetic silencing of FLC in A. halleri correlates with lack of spreading of H3K27me3 over the FLC gene body (Nishio et al., 2016) .
The manipulation of flowering time in species of agronomic importance is a long-standing goal for plant breeders, facilitating yield maximization and the synchronization of harvest dates both within a population and with more profitable shoulders of the season. The insights into vernalization and perenniality gleaned from Arabidopsis and from perennial models such as A. alpina have greatly enhanced our ability to manipulate flowering time, most notably within the Brassicaceae where mechanistic parallels with Arabidopsis are direct. In the Brassica crop species B. oleracea (vegetable crops such as broccoli, kale, and Brussels sprouts), B. rapa (Chinese cabbage), and their allotetraploid hybrid B. napus (oilseed rape), variation in the requirement for vernalization allows cultivation in diverse environments; spring varieties are grown where winters are too harsh for plant survival, while winter varieties give crops in more temperate climates additional time to develop vegetatively before flowering, maximizing yield. Indeed, as observed in Arabidopsis, QTLs for flowering time and yield ('fitness') have been shown to colocalize in B. napus (Long et al., 2007; Shi et al., 2009 ). Strange et al. (2011) Understanding the determinants of flowering time is somewhat more complicated in Brassica than in Arabidopsis, as an ancestral genome triplication event has given rise to multiple FLC homologues in each species. However, QTLs for flowering time have repeatedly been detected in genomic regions co-localizing with FRI and FLC in all three species (Osborn et al., 1997; Okazaki et al., 2007; Razi et al., 2008) ; indeed, the emerging picture in Brassica is that, as in Arabidopsis, much of the variation in flowering time maps to cis-regulatory variants of FLC homologues. Analyses in B. oleracea indicate that allelic variants of FLC and FRI are the major determinants distinguishing winter and spring varieties (Okazaki et al., 2007; Irwin et al., 2012) . In addition, quantitative variation in vernalization response/sensitivity maps to allelic variants of FLC in B. oleracea; flowering time differences in these lines reflect variation in the degree of post-cold reactivation of FLC and thus distinct degrees of FT expression. While the specific underlying SNPs have not been isolated, differences in flowering time in this mapping population map to cis-regulatory variation at FLC (Irwin et al., 2016) . In B. napus, variation at the FLC A10 locus underlies a major QTL for flowering time in a winter×semi-winter doubled haploid mapping population (Hou et al., 2012) . The FLC A10 copy in this cross differs in the rate of FLC repression in the cold, with the winter allele silencing much more slowly. In B. rapa, the COOLAIR expression level has been shown to present a promising target for manipulation of flowering time . COOLAIR transcripts in the FLC A3 copy in B. rapa show strong similarity in secondary structure to that observed in the slow vernalizing natural Arabidopsis accession Var2-6 (Hawkes et al., 2016) . Together, these studies highlight the tremendous potential for accelerated breeding in Brassica through combining a mechanistic understanding of vernalization with allele mining in diverse germplasm.
Our understanding of temperature and precipitation as selective influences on flowering time variation in Arabidopsis, and in particular the observed pleiotropic effects of flowering time loci on water use efficiency, provide further useful insight for breeders into such trade-offs in agricultural systems. Drought stress has been observed to drive changes in flowering time rapidly in natural populations of B. rapa (Franks et al., 2007) , underpinned by changes in allele frequencies at the flowering pathway integrator locus BrSOC1 (Franks et al., 2016) . In B. napus, FLC A10 appears to underlie significant variation in both flowering time and root biomass, a key breeding trait for dehydration avoidance. The early flowering allele is associated with lower root biomass, but these two traits have opposite effects on yield under drought conditions; thus, there appears to be a trade-off between drought escape and avoidance strategies due to the pleiotropic consequences of variation in FLC in this species (Fletcher et al., 2015 (Fletcher et al., , 2016 .
Beyond the Brassicaceae, parallels in the regulation of cold-dependent reproductive transitions become much less exact. In this wider context, lessons from Arabidopsis provide a scaffold for understanding the mechanisms involved. Informative comparisons can be made between vernalization in Arabidopsis and in cereals, and in the control of endodormancy (the developmentally regulated cessation of lateral bud growth over winter, and its subsequent release in spring) in the Rosaceae. In wheat and barley, the major effectors of flowering time are VERNALIZATION1 (VRN1), a MADS box gene homologous to Arabidopsis FUL/AP1 (Yan et al., 2003) , and its copy VRN4 (Kippes et al., 2015) , VRN2-a DNA-binding protein-encoding gene-and VRN3-an FT homologue (Trevaskis et al., 2007) . VRN2 (not related to the Arabidopsis VRN2 locus) represses flowering via repression of VRN3, and vrn2 mutants do not require vernalization (Yan et al., 2004) . In contrast to FLC, the MADS box gene VRN1 promotes flowering and is quantitatively and stably up-regulated in the cold (Yan et al., 2003) . Interestingly, this is associated with increased H3K4me2 and decreased H3K27me3 over the first intron of VRN1 (Oliver et al., 2009) , suggesting an opposite but perhaps analogous chromatin-based activation mechanism to that observed for FLC. In the model grass Brachypodium distachyon, ODDSOC2, first identified in barley, has recently been identified by conservation of synteny as a homologue of FLC (Ruelens et al., 2013) . Like FLC, BdODDSOC2 shares cold-induced down-regulation and associated changes in histone modifications (Sharma et al., 2017) , but whether there are real parallels to Arabidopsis FLC is still unclear (Greenup et al., 2010) .
In many Rosaceous species, a period of chilling is required to induce development of dormant buds in spring. In Prunus persica (peach), deletion of the EVERGROWING (EVG) locus leads to a loss of winter dormancy (Bielenberg et al., 2004 (Bielenberg et al., , 2008 . The EVG locus contains six tandemly repeated MADS box genes orthologous to Arabidopsis SVP, DORMANCY ASSOCIATED MADS1-6 (DAM1-6) (Bielenberg et al., 2008) . In particular, PpDAM5 and PpDAM6 are up-regulated in the short days and ambient temperatures of autumn to induce endodormancy, and down-regulated quantitatively during subsequent winter chilling to allow bud break in the spring (Jiménez et al., 2010; Yamane et al., 2011) . Similar patterns in orthologous genes have been observed for related fruit crops in the Rosaceae, including raspberry, Japanese apricot, and pear (Mazzitelli et al., 2007; Sasaki et al., 2011; Zhong et al., 2013; Niu et al., 2016) . PpDAM6 shows an increase in K3K27me3 and a decrease in H3K4me2 around the translation start site during chilling comparable with that observed for FLC (Leida et al., 2012) , suggesting that a similar chromatin-based silencing mechanism is at play.
Conclusion
Extensive analysis of A. thaliana accessions has demonstrated that a considerable fraction of the natural variation in flowering time is characterized by differing requirements and response to vernalization. The underlying mechanism is influenced by variation at two key loci, FRI and its target FLC. Analysis of early-and late-flowering natural accessions has allowed the chromatin regulation involved in this process to be understood in considerable detail. This knowledge generates new research questions and reveals the great potential of manipulating flowering time in crops of agronomic importance.
The mechanism of Arabidopsis vernalization translates directly into the wider Brassicaceae: cis-regulatory variation at FLC appears to be the primary driver of distinct flowering habits within Arabidopsis; between annual and perennial Brassicaceae; and in selection of climatically suited winter and spring Brassicas for cultivation. Comparison with vernalization in the cereals and chilling in the Rosaceae suggests convergent evolution of a cold requirement through similar, but non-homologous pathways. The consistent involvement of temperature regulation of MADS box genes is intriguing, and suggests that an underlying temperature-sensitive property of this regulation has been co-opted multiple times in the evolution of different developmental processes (Hemming and Trevaskis, 2011) . Given the elegance and robustness of 'digital' epigenetic silencing at FLC as a means for registering duration of cold in fluctuating temperatures, it is interesting to speculate that non-homologous MADS box genes might be regulated via a similar mechanism to control such processes.
